By definition central respiratory chemoreceptors (CRCs) are cells that are sensitive to changes in brain PCO 2 or pH and contribute to the stimulation of breathing elicited by hypercapnia or metabolic acidosis. CO 2 most likely works by lowering pH. The pertinent proton receptors have not been identified and may be ion channels. CRCs are probably neurons but may also include acid-sensitive glia and vascular cells that communicate with neurons via paracrine mechanisms. Retrotrapezoid nucleus (RTN) neurons are the most completely characterized CRCs. Their high sensitivity to CO 2 in vivo presumably relies on their intrinsic acid-sensitivity, excitatory inputs from the carotid bodies and brain regions such as raphe and hypothalamus, and facilitating influences from neighboring astrocytes. RTN neurons are necessary for the respiratory network to respond to CO 2 during the perinatal period and under anesthesia. In conscious adults, RTN neurons contribute to an unknown degree to the pH-dependent regulation of breathing rate, inspiratory and expiratory activity. The abnormal prenatal development of RTN neurons probably contributes to the congenital central hypoventilation syndrome. Other CRCs presumably exist but the supportive evidence is less complete. The proposed locations of these CRCs are the medullary raphe, the nucleus tractus solitarius, the ventrolateral medulla, the fastigial nucleus and the hypothalamus. Several wake-promoting systems (serotonergic and catecholaminergic neurons, orexinergic neurons) are also putative CRCs. Their contribution to central respiratory chemoreception may be behavior-dependent or vary according to the state of vigilance.
Introduction
Central respiratory chemoreception is the mechanism by which an increase in brain PCO 2 stimulates breathing. The term also refers to the respiratory stimulation caused by metabolic acidosis (blood acidification at normal levels of CO 2 ). Under normal circumstances (absence of metabolic acidosis), central respiratory chemoreception operates as a sensitive feedback that helps to maintain arterial PCO 2 within a few mmHg of the steady-state (∼40 mmHg) regardless of the metabolic production of this gas and the level of vigilance (Nattie, 1999; Feldman et al., 2003; Nattie and Li, 2009) . Central respiratory chemoreception normally operates in concert with peripheral chemoreceptors (Smith et al., 2006) . Central respiratory chemoreception has a very slow time constant (around 50s) attributed to the time needed for brain extracellular pH to equilibrate with a change in arterial PCO 2 (Ahmad and Loeschcke, 1982; Eldridge et al., 1984; Smith et al., 2006) . Central respiratory chemoreception also has a very high gain. For example, in a conscious goat, a rise in brain PCO 2 of approximately 2 mmHg (0.5% change from normal values) increases resting ventilation by around 50% (Pappenheimer et al., 1965) and presumably causes a reduction of no more than 0.01 pH unit in the vicinity of the central chemoreceptors (Nattie, 1999) . In man at rest, ventilation approximately doubles for a 1.5 mmHg rise in alveolar (presumed arterial) PCO 2 (Haldane and Priestley, 1905) .
Central respiratory chemoreception also refers to the effects produced by abnormally high levels of CO 2 to which mammals and man are exposed only by accident (airway blockade of some sort, including sleep apnea in man) or because of intentional administration of high levels of CO 2 as is commonly done in experiments designed to study the central respiratory chemoreflex. Under such conditions, arterial PCO 2 may rise by tens of mmHg and, in intact unanesthetized mammals, this rise typically produces arousal and some form of interoceptive awareness in addition to respiratory stimulation (Phillipson et al., 1977; Berthon-Jones and Sullivan, 1984; Moosavi et al., 2003) . These behavioral effects and or sensations indicate that high levels of CO 2 recruit neural pathways that are not normally influenced by the small variations of PCO 2 that regulate breathing under physiological conditions. This fact should be taken into consideration when interpreting breathing data from animals that have been exposed to high levels of CO 2 . The phenomenon is not unique to the central chemoreflex. Incremental levels of stimulation of the peripheral chemoreceptors also produce a hierarchy of responses that range from simple cardiorespiratory adjustments to arousal and, finally, to behaviors denoting obvious discomfort (defense reaction, vocalizations, escape behavior) (Marshall, 1994) .
At this time, the dominant theory of central respiratory chemoreception is that CO 2 works via the proxy of pH, breathing stimulation derives from the simultaneous recruitment of numerous types of acid-sensitive CNS neurons (the central respiratory chemoreceptors, CRCs) and CRCs detect pH via a cell-specific combination of several acid-sensitive channels (Jiang et al., 2005; Chernov et al., 2008; Nattie and Li, 2009) . As this review will indicate, this apparently straightforward summary masks an inordinate number of uncertainties.
Theories of central respiratory chemoreception

What is a central respiratory chemoreceptor, CRC?
Central respiratory chemoreception is a reflex initiated by sensors located within the CNS. Like all reflexes, central respiratory chemoreception has three defining aspects: molecular (the receptors), cellular (the cells that express the receptors, a.k.a. the respiratory chemoreceptors) and integrative (the brain circuit engaged by the respiratory chemoreceptors). The first of many problems that this field of research faces is that the molecules that are presumably being sensed are protons. Protons, unlike most other intercellular signaling molecules (odorant molecules, hormones, transmitters, NO etc.) have the potential to modify the activity of countless regulatory proteins that are expressed not only by neurons but by glial cells and by blood vessels. At this time, the proton sensors that are germane to respiratory chemoreception are unidentified. Even the type of cell that expresses the pertinent proton sensors is not settled definitively (Figure 1 ). Many brain neurons are intrinsically sensitive to acid in vitro (Putnam et al., 2004; Nichols et al., 2008; Corcoran et al., 2009) but there is no hard evidence that this property persists in vivo or that the intrinsic effect of acid on neurons in vivo is sufficiently powerful and sensitive to account for respiratory chemoreception. In fact, serious consideration is still given to the possibility that CRCs are glial cells or possibly vascular cells that regulate the activity of surrounding neurons via paracrine mechanisms (Gourine et al., 2005) . Given these uncertainties, it is premature to define a unique set of ideal criteria that a CNS cell must possess in order to qualify as a CRC. Figure 1 represents a few possibilities and an attempt will be made in this review to fit the various proposed chemoreceptors into one of these categories. Option 1 depicts the simplest concept, called here specialized CRCs, (Loeschcke, 1982) . The specialized CRCs are viewed as separate from the respiratory rhythm and pattern network (the respiratory controller in Figure 1 which includes the motor neurons). These CRCs would selectively regulate the activity of the breathing network according to the level of acidity of the parenchyma that surrounds them. These specialized neurons could be intrinsically sensitive to acid (option 1a) and or could respond to the acidification of satellite non-neuronal cells (glia, vascular cells) via a paracrine mechanism (option 1b; factor X being one or several mediators). In such a case, the satellite cells would also qualify as CRCs. There could be one type or many types of specialized CRCs, an issue that is hotly debated at present. They need not all be excitatory neurons since some neurons are inhibited by acid in vitro and could increase breathing by disinhibition. Broad-spectrum CRCs ( Figure  1 , option 2) could be defined as pH-sensitive neurons that target multiple downstream networks in addition to the respiratory controller. As depicted in Figure 1 option 3, respiratory chemoreception could also reflect the widespread, possibly ubiquitous, acidsensitivity of the neurons that make up the respiratory network or the ubiquitous location of the paracrine mechanism depicted in option 1b. In this view, all neurons are to some extent CRCs although the contribution of the various types of neurons to the overall pH-sensitivity of the respiratory motor outflow could be unequal and the degree to which each class of neurons contributes to the overall chemosensitivity of the respiratory outflow could vary according to the behavior or the state of consciousness of the organism. Option 4 (regulators of breathing) illustrates a scenario that is useful to consider when interpreting the literature on central respiratory chemoreception. The two hypothetical neurons that are represented regulate the activity of the breathing network but are unresponsive to acidification of the surrounding brain parenchyma. The activation of these neurons would be expected to influence the activity of the respiratory controller and its response to CO 2 . The destruction of such neurons would also be expected to modify the overall reflex. However, because these hypothetical neurons do not respond to changes in the surrounding pH, neither of them qualifies as a CRC.
CO 2 stimulates respiration via the proxy of pH
No fundamentally new supportive evidence for this highly plausible yet unproven hypothesis has accrued in recent years (for prior discussions of this issue see (Loeschcke, 1982; Nattie, 1999; Feldman et al., 2003) ). The hypothesis rests on the following evidence. Hypercapnia reduces the pH of brain extracellular fluid (ECF) with possible regional variations (Eldridge et al., 1984; Arita et al., 1989; Nattie, 2007) . Metabolic acidosis also activates breathing and topical brain acidification, in particular at the level of the ventrolateral medulla, increases breathing (Loeschcke, 1982; Nattie, 1999; Feldman et al., 2003) . Finally, in vitro, metabolic acidosis generally activates / inhibits neurons and depolarizes certain glial cells to an extent roughly comparable to a rise in CO 2 that produces the same change in extracellular pH (Wang et al., 2002; Putnam et al., 2004; Kawai et al., 2006) .
It is generally assumed that the proton-sensitive molecules responsible for respiratory chemosensitivity are ion channels and that the relevant channels are expressed by neurons. The reason is quite simply that many brainstem neurons express such pH-sensitive channels and respond to acidification in vitro under conditions of complete or semi synaptic isolation (Dean et al., 1990; Scheid et al., 2001; Mulkey et al., 2004; Corcoran et al., 2009 ). The interpretation of this evidence is subject to some degree of circular reasoning since putative CRCs are identified by their acid-sensitivity in vitro and the fact that neurons respond to acid in vitro is taken as evidence that central respiratory chemosensitivity operates via the effect of acid on these neurons. There are alternative theories regarding how CO 2 works. One is that the proton sensors are indeed channels but that these channels are expressed by glial cells which influence neurons by releasing gliotransmitters such as ATP (Gourine et al., 2005; Spyer and Gourine, 2009 ) (option 1b in Figure 1 ). Other proposed mechanisms include pH-sensing G-protein coupled receptors (GPCRs, (Ludwig et al., 2003) ), and receptors to inorganic carbon (inorganic carbon is defined as CO 2 or bicarbonate) such as adenylate cyclases (Chen et al., 2000; Townsend et al., 2009 ). In Drosophila, CO 2 detection operates within a range of CO 2 concentration not much different from that present in the arterial blood of mammals and this sensory process requires the presence of two seventransmembrane gustatory receptors (Gr21a and Gr63a) (Jones et al., 2007) . Both cognate genes are required to confer CO 2 response to olfactory neurons from which the original odorant receptors have been removed (Kwon et al., 2007) . This evidence suggests that Gr21a and Gr63a form a heterodimeric receptor for the detection of CO 2 . Whether this dimer is a receptor for CO 2 , protons or bicarbonate is not known. No mammalian homolog of these insect receptors has been identified yet but proton-sensing GPCRs are expressed by the central nervous system of mammals (Huang et al., 2007) and could conceivably serve an equivalent function (Ludwig et al., 2003) .
In vitro studies designed to determine whether internal or external acidification plays the dominant role in mediating the effects of CO 2 or metabolic acidosis have produced mixed results. Raphe neurons grown in culture on a bed of glia are activated to the same degree by hypercapnic acidosis (increase in CO 2 at constant bicarbonate level), isocapnic acidosis (reduced bicarbonate at constant CO 2 ), isohydric hypercapnia (increased CO 2 with lowered bicarbonate to maintain extracellular pH, pHo, constant) and by changes in pH produced in a CO 2 -bicarbonate-free HEPES buffer (Wang et al., 2002) . Thus, the chemosensitivity of raphe serotonergic neurons in culture can occur independently of changes in pHo, PCO2 or bicarbonate. Because intracellular acidification is a common denominator of all these manipulations, pHi would seem to be the primary stimulus for chemosensitivity in serotonergic neurons in culture. Similar findings and interpretations have been reported for retrotrapezoid neurons in slices (Ritucci et al., 2005b) . However, the primacy of the change in pHi for neuronal responses to acidification is not clear because the latter authors also found that the degree to which RTN neurons were activated did not correlate with the magnitude of the global intracellular acidification (Ritucci et al., 2005b) . Furthermore, in other cells such as the locus coeruleus, hypercapnic acidosis is also able to produce neuronal activation when pHi is clamped . This effect may rely on the closure of a TEA-resistant potassium conductance, presumably due to TASK-1 channels (Sirois et al., 2000; Filosa and Putnam, 2003) . From these studies it appears that a change in pHi can be sufficient but is not absolutely required for cells to respond to CO 2 .
In isolated rabbit glomus cells, an increase in PCO 2 activates a Ca channel current by a mechanism that seems independent of the proton concentration inside or outside but appears to rely on the production of cAMP and protein kinase A activation (Summers et al., 2002) . One interpretation is that some form of adenylyl cyclase functions as a sensor for inorganic carbon (CO 2 or bicarbonate) (Chen et al., 2000; Townsend et al., 2009) . Bicarbonate is very unlikely to mediate the effects of CO 2 in brain because CO 2 -activated neurons are inhibited by increasing extracellular bicarbonate at constant CO 2 level, a procedure that should also increase the intracellular concentration of this anion (Mulkey et al., 2004; Bouyer et al., 2004; Kawai et al., 2006) . However, the possibility that molecular CO 2 could contribute to the response to hypercapnia has not been eliminated.
Evidence that chemosensitivity could involve several proton receptors on a given neuron comes from studies in which the permeability changes elicited by metabolic acidosis (constant CO 2 , reduced bicarbonate) vs. hypercapnic acidosis (constant bicarbonate, elevated CO 2 ) have been compared in the same neurons. In the neonate retrotrapezoid nucleus for example, both stimuli depolarize the cells equally after action potential blockade with tetrodotoxin but the depolarization caused by hypercapnic acidosis is cadmiuminsensitive, blocked by high barium (1mM) and associated with significant increase in membrane resistance suggesting that a decrease in potassium conductance is dominant (Kawai et al., 2006) . In contrast, the depolarization produced by metabolic acidosis is less barium sensitive and is associated with a smaller decrease in input resistance suggesting that it could be mediated by a mix of potassium and other channels (Kawai et al., 2006) . A concern with all these studies is that they typically rely on small numbers of neurons that are often only assumed to contribute to respiratory chemoreception in vivo. The range of CO 2 or pH to which the cells are exposed is large (up to 15 % CO 2 ; 0.6 pH units) compared to normal physiological variations (<0.1 pH unit). Neurons are typically studied in the presence of astrocytes that are also pH-responsive (Ritucci et al., 2005b) and may contribute to central respiratory chemosensitivity (Gourine et al., 2005; Spyer and Gourine, 2009 ). Finally, different recording conditions have been used (age, temperature, presence or absence of glia) and, more often than not, heterogeneous populations of neurons were recorded within a single study. The relevant sites of intracellular acidification are unknown. They could conceivably be membrane-associated microdomains whose pH changes are not adequately reflected by whole cell pH measurements. This possibility could account for the above mentioned discrepancies between apparent intracellular acidification and neuronal responses and for the slight differences between the effects of acidification by CO 2 vs. fixed acids in vitro due to a different mode of penetration into cells. In any event, given all these uncertainties and the possibility that different cells have different mechanisms of chemosensitivity, channels whose proton sensitivity resides on either side of the neuronal membrane could potentially contribute to central chemosensitivity.
How many respiratory chemoreceptors are there?
Most investigators in the field are convinced that CO 2 stimulates breathing via simultaneous effects of pH on multiple types of acid-sensitive neurons (Chernov et al., 2008; Nattie and Li, 2009 ). In our estimation, most putative CRCs are not characterized well enough to pass judgment on this issue.
The notion that there are many CRCs is supported by the following evidence. Lesions of several regions of the pontomedullary respiratory network attenuate the chemoreflex (e.g. (St John, 1972; Berger and Cooney, 1982) ). This approach is largely of historical interest because it does not discriminate between neurons that are intrinsically pH-sensitive and those that are activated synaptically during exposure to hypercapnia. At present, the main evidence supporting a wide anatomical distribution of respiratory chemoreceptors is that topical acidification of many brainstem regions increases breathing (Nattie, 1999; Hodges et al., 2004a) . Historically, topical acidification was first used at the ventral medullary surface because of its accessibility (Mitchell et al., 1963b; Mitchell, 2004) . Strong breathing stimulation was caused by the application of acid-soaked material to two large regions of the ventral medullary surface, one located roughly under the facial motor nucleus and the other towards the caudal medulla (Mitchell et al., 1963b; Loeschcke, 1982; Mitchell, 2004) . These responses were interpreted as evidence that CRCs were very superficially located. More recently, acidification of many brainstem or cerebellar regions with dialysis probes (NTS, RTN, ventral respiratory column, midline medulla, fastigial nucleus) was found to activate breathing to some degree and simultaneous acidification of two regions usually produced additive effects (e.g. (Solomon et al., 2000; Hodges et al., 2004a; Nattie and Li, 2008) ). Of note, respiration is activated by acidifying the ventrolateral medulla anywhere from its rostral end, the RTN (Li and Nattie, 2002) , to the caudal region presumed to overlay the "Loeschke area" (da and in-between for example within the pre-Bötzinger complex (Solomon et al., 2000) . The degree of respiratory stimulation caused by acidifying any given site is typically not very large in conscious animals (∼20% increase in minutevolume) and does not vary much between regions. The small magnitude of the responses may be due to the fact that direct activation of a subset of CRCs exposes the other CRCs to a more alkaline environment due to the resulting hyperventilation and deactivates them (Dias et al., 2008) . The interpretation of the evidence rests on the sensible but unverified assumption that focal tissue acidification, for example using dialysis probes, correctly reproduces the effects of respiratory or metabolic acidosis on the surrounding neurons. It has been demonstrated that the tissue surrounding a dialysis probe is indeed acidified to an appropriate degree. However, evidence that neurons located close to the dialysis probe respond identically to focal acidification and to a commensurate rise in arterial PCO 2 has not been produced nor has it been shown that the neurons that are unresponsive to hypercapnia are also unaffected by local acidification.
The second argument supporting a wide distribution of central respiratory chemoreceptors is that hypercapnia increases the level of expression of the protooncogene product c-Fos in many brain regions including regions located close to the ventral medullary surface (e.g. (Sato et al., 1992) ). Although, putative respiratory chemoreceptors such as retrotrapezoid neurons are among the cells that express c-Fos in animals exposed to hypercapnia (Sato et al., 1992; Fortuna et al., 2009) , the c-Fos method does not distinguish between neurons that are directly pH-sensitive in vivo, neurons that are activated synaptically during exposure to hypercapnia and neurons that are directly pH-activated but play no role in breathing.
The third argument supporting a wide distribution of central respiratory chemoreceptors is that, by all measures (electrical recordings or voltage-sensitive dyes), every region of the brainstem contains a substantial proportion of neurons that respond to acid in vitro, often by a depolarization but sometimes with the opposite response (Scheid et al., 2001; Ritucci et al., 2005b; Nichols et al., 2008; Erlichman et al., 2009 ). This characteristic is not unique to the brainstem, however. Other brain regions, including cortex and cerebellum, contain neurons that respond to acid and CO 2 either by an excitation or an inhibition, the proportion depending on the recording conditions and the magnitude of the pH change (Wang and Richerson, 2000) . In the neonate brainstem preparation, the vast majority of respiratory neurons located in the ventrolateral medulla were found to respond to acidification either by a depolarization or by a hyperpolarization, even after action potential blockade with TTX (Kawai et al., 1996) . The CO 2 -sensitivity of many respiratory neurons located in the ventral respiratory column of adult cats is attenuated by point source delivery (iontophoresis) of the purinergic receptor antagonist suramin (Thomas and Spyer, 2000) . Because iontophoretic delivery of a drug can only exert spatially restricted effects, this evidence has been interpreted to suggest that pH sensitivity is local, is due to the release of ATP and is widespread in the respiratory network (Thomas and Spyer, 2000) . The dubious selectivity of suramin weakens the credibility of this evidence. Finally, experiments done on cultures of brainstem neurons indicate that synaptically connected neurons are generally more strongly activated by acidification than isolated ones, suggesting that networks amplify the small effects of acid observed in a high proportion of isolated neurons (Su et al., 2007) . The last pieces of evidence discussed here can be interpreted as suggesting that central respiratory chemoreception is virtually ubiquitous (scheme 3 of Figure 1 ).
Other evidence contradicts the notion that respiratory neurons cooperate widely and on an equal footing to the stimulation of the respiratory network by acid. This evidence is not as extensive as that which supports the opposite view but it is highly significant. In the neonate brainstem-spinal cord preparation, a.k.a. Suzue preparation (Suzue, 1984) , selective genetic deletion of the retrotrapezoid nucleus eliminates the activation of the phrenic nerve outflow by CO 2 but does not eliminate the ability of the brainstem to generate a regular inspiratory activity (Dubreuil et al., 2008; . Thus, the apparently ubiquitous pH sensitivity of the respiratory neurons located in the ventrolateral medulla (Kawai et al., 1996) does not produce a pH-sensitive network unless the retrotrapezoid nucleus is present. These results were obtained using late embryonic or early postnatal tissue and their interpretation may not apply later on in life. In anesthetized adult rats, the integrity of the retrotrapezoid nucleus is necessary for the respiratory network to be activated by CO 2 (Takakura et al., 2008) . The respiratory pathology observed in the congenital central hypoventilation syndrome (CCHS) also supports the notion that central respiratory chemosensitivity may rely on relatively few specialized neurons. In this genetic disease, central chemosensitivity is essentially absent, severe hypoventilation occurs during sleep but relatively adequate breathing persists during waking and some degree of exercise-induced hyperventilation remains, at least in the milder cases (Paton et al., 1989; Shea et al., 1993; Gozal, 1998; Amiel et al., 2003; Carroll et al., 2010) . The severity of the symptoms increases according to the number of extra alanine residues in the mutated polyalanine track of Phox2b (Carroll et al., 2010) . The respiratory symptoms of the disease suggest that the central respiratory controller of CCHS patients is largely intact but that the brain of these individuals lacks neurons that are either uniquely specialized in detecting CO 2 or are specialized in funneling the excitatory influence of CO 2 to the respiratory controller. The mouse model of the disease (Phox2b 27ala/+ ) suggests that these missing neurons could be the ccRTN neurons (Dubreuil et al., 2008) , a chemically defined subset of retrotrapezoid nucleus neurons whose properties will be extensively discussed later on.
In short, current evidence is insufficient to assert whether central respiratory chemoreception relies on just a few cells or is a property widely distributed throughout the brain. Recent animal data, reinforced by the natural experiment provided by the congenital central hypoventilation syndrome, suggest that the high gain central chemosensitivity responsible for CO 2 stability under physiological conditions (pH changes of considerably less than 0.1 unit) could rely on relatively few cells, the retrotrapezoid nucleus being most critical Goridis and Brunet, 2010) , whereas a much larger number of cells could be implicated in the effects produced by high levels of CO 2 (behavioral arousal, dyspnea or panic attacks). However, the high gain of the central chemoreflex, especially in the adult, could also be due to a network summation of individually small effects of pH on vast numbers of neurons, a concept that is generally dominant at this time (see for example (Nattie and Li, 2009) ).
Molecular basis of central respiratory chemoreception
Acid-sensitive ion channels located on neurons or satellite cells are currently believed to be the proton sensors responsible for respiratory chemosensitivity (e.g. (Chernov et al., 2008) ). However, to interpret the literature optimally, one should keep in mind that ion channels could theoretically contribute to the pH response of central chemoreceptor neurons in three distinct ways. The proton receptors could be ion channels as is currently hypothesized. A subset of pH-insensitive ion channels could be intracellular effectors of a membraneassociated proton receptor, e.g. a GPCR. Finally, the vast majority of the ion channels expressed by chemoreceptor neurons are likely to be pH-insensitive channels that shape the intrinsic properties of these cells. The presence of these channels will influence the response of the chemoreceptor neurons to acid and by way of consequence the chemoreflex. A few of these channels may be somewhat selectively expressed by central chemoreceptor neurons (TASK-2 may be an example) but most are probably not.
The channels most frequently mentioned as proton receptor candidates are considered in this section of the review. Although the hypothesis "makes sense" no channel has been shown convincingly to contribute to respiratory chemosensitivity by virtue of its proton binding ability and alternative hypotheses should still be pursued at this time.
Acid-sensitive channels
Potassium channels: 2 pore channels and others-Two-pore potassium channels (K2P channels) regulate the excitability of neurons by setting their resting membrane potential and changing their input resistance (Lesage and Lazdunski, 2000; Duprat et al., 2007; Bayliss and Barrett, 2008) . The family includes around 15 subunits that have been grouped into six structurally and functionally different subclasses (Holzer, 2009 ). Many of these channels are activated or inhibited, in vitro at least, by relatively small deviations of extra-or intracellular pH from physiological levels. The TASK subfamily of K2P channels (TASK1, KCNK3; TASK3, KCNK9) form homo-or heterodimers and are widely expressed in brain (Lesage and Lazdunski, 2000; Talley et al., 2001; Duprat et al., 2007) . They are constitutively active, voltage-insensitive, non-inactivating and inhibited by the actions of many GPCRs (serotonin type 2 receptors, TRH, alpha-1 adrenergic etc.) (Talley and Bayliss, 2002) . TASK1/3 homo-or hetero-dimer current is reduced by acidification with slight variations in pH 50 according to the sub-unit composition. TASK1 -/-, TASK3 -/-and double knock-out mice have normal ventilatory responses to hyperoxic hypercapnia (Mulkey et al., 2007b) . This result suggests that neither isoform of the channel makes a critical contribution to central respiratory chemosensitivity. The fact is surprising given the very wide distribution of these channels in the ventrolateral medulla oblongata and elsewhere in the brainstem, including in motor neurons and the prediction, based on modeling, that TASK channels should make the greatest single contribution to neuronal pH sensitivity (Washburn et al., 2003; Chernov et al., 2008 ). Yet, in agreement with the whole animal observation, the pH-induced potassium current recorded in retrotrapezoid neurons is the same in TASK1 -/-, TASK3 -/-and double knock-out mice as in control mice (Mulkey et al., 2007b) . It seems unlikely that the absence of TASK1/3 channels since conception could be fully compensated by the up-regulation of other acid-sensitive potassium channels in RTN with exactly the same properties (Mulkey et al., 2007b) . TASK1 deletion in mice reduces the sensitivity of the carotid body to both oxygen and CO 2 (Trapp et al., 2008) . This observation does not demonstrate that TASK1 is the pH sensor of the carotid body but it highlights an important molecular difference between central and peripheral pH-detection.
Despite their name, TASK2 (KCNK5) channels are only distantly related to TASK 1 or 3 from an evolutionary viewpoint. They belong to the TALK subgroup of alkaline-activated K-2P channels because their pKa is 8.0 or above (Morton et al., 2005; Niemeyer et al., 2007; Bayliss and Barrett, 2008) . TASK-2 mRNA levels are very low in brain (Reyes et al., 1998; Talley et al., 2001; Aller and Wisden, 2008) and, according to recent genetic evidence, the channel is expressed in only a few neuronal clusters including the retrotrapezoid neurons (Dubreuil et al., 2009a; Gestreau et al., 2010) . Oddly, TASK-2-like immunoreactivity has been reported as quite extensive in brain (Gabriel et al., 2002) . The selectivity of the antibody used in these studies should be verified in a TASK-2 knock-out mouse. TASK-2 channel deletion does not change the pH sensitivity of the neonate breathing network in vitro, contrary to the deletion of the RTN neurons (Dubreuil et al., 2009b; Gestreau et al., 2010) therefore TASK-2 does not seem responsible for the pH sensitivity of RTN neurons under these conditions. This result is consistent with the fact that the pKa of TASK-2 channels is far outside the physiological range on the alkaline side. Because of this characteristic, TASK-2 channel conductance is unlikely to be modulated by acidification below the normal brain pH of 7.3. The Gestreau study suggests that TASK-2 activation by hypoxia contributes to post-hypoxic respiratory depression. Given that its expression is potentially down-regulated by chronic hypoxia (Brazier et al., 2005) , TASK-2 may serve to increase the excitability of RTN neurons under chronic hypoxic conditions where lowering of the CO 2 set-point might be advantageous to increase oxygen intake.
TASK-2 is abundantly expressed in the kidney where it plays a major role in acid-base homeostasis (Morton et al., 2005; Bayliss and Barrett, 2008) . Due to their inability to retain bicarbonate, TASK-2 KO mice are in metabolic acidosis (Warth et al., 2004) . This peculiarity may account for the left shift of their breathing response to CO 2 and the reduced effect of high levels of hypercapnia (Gestreau et al., 2010) .
Inwardly rectifying potassium channels (Kir)-In heterologous expression systems, inwardly rectifying potassium channels (e.g. Kir1.1, Kir4.1-Kir5.1) can generate acidsensitive currents with a pKa appropriately close to physiological pH (7.4) (Xu et al., 2000; Su et al., 2007) . Kir4.1 is a primary molecular substrate of astroglial K + transport (Neusch et al., 2006) . This channel underlies most of the inwardly rectifying current of astrocytes and is essential to maintain their very hyperpolarized membrane potential (Neusch et al., 2006) . Inwardly rectifying potassium channels are closed by intracellular acidification and appear to contribute to the acid sensitivity of some brainstem neurons in culture because acid sensitivity is suppressed by a concentration of barium that blocks Kir channels with some selectivity in heterologous expression systems (Su et al., 2007) . The activation of mature locus coeruleus neurons by hypercapnic acidosis in slices has also been attributed to the closure of an inwardly rectifying potassium current although, in this case, intracellular protonation of a polyamine has been invoked as the cause of the reduced current (Pineda and Aghajanian, 1997) . However, in native RTN neurons, the acid-sensitive potassium current is neither inwardly rectifying nor sensitive to 40 mM tetraethylammonium which excludes the contribution of Kir (Mulkey et al., 2007b) .
The ASIC family of acid-sensitive channels-Acid-sensing ion channel (ASIC) subunits associate as trimers to form acid-activated channels permeable to Na + and Ca 2+ (Yermolaieva et al., 2004; Jasti et al., 2007) . ASICs and transient receptor potential vanilloid-1 (TRPV1) underlie the detection of peripheral tissue acidosis by primary sensory afferents, ASICs being responsive to moderate decreases in extracellular pH whereas TRPV1 requires pH to drop below 6.0 (Holzer, 2009 ). ASIC1a, -2a, and −2b are the most commonly expressed subunits in the CNS, where they assemble into homo-and heterotrimeric complexes. Disrupting the ASIC1a gene (ACCN2) in mice eliminates currents evoked in vitro by pH as low as 5.0 in brain regions such as the hippocampus or the amygdala (Wemmie et al., 2002; Askwith et al., 2004) . ASIC1a -/-mice have attenuated fear behavior but normal ventilatory responses to moderate levels of normoxic hypercapnia suggesting that ASIC1a is not critical for central respiratory chemosensitivity (Ziemann et al., 2009 ). This interpretation is also in line with evidence that acidification most often operates selectively by closing a potassium conductance in putative respiratory chemoreceptors (Dean et al., 1989; Mulkey et al., 2004; 2007b; Nichols et al., 2008) .
Other acid-sensitive channels-Other acid-sensitive channels include members of the TRP family, ionotropic purinoceptors (P2X), voltage-activated potassium channels, L-type Ca 2+ channels, hyperpolarization-activated cyclic nucleotide gated channels, gap junction channels, and Cl -channels (Shi et al., 1998; Vacher et al., 2008; Holzer, 2009) . A large fraction of these channels are expressed in the brainstem. Their contribution to respiratory chemosensitivity is typically untested. Increased calcium current may contribute to the response of locus coeruleus neurons and the carotid body to acid (Summers et al., 2002; Filosa and Putnam, 2003) .
GPCRs as pH sensors
Four structurally related G protein-coupled receptors (OGR1, GPR4, TDAG8, and G2A) originally believed to respond to lipid messengers have recently been promoted to proton detectors (Ludwig et al., 2003; Holzer, 2009) . Their pH-sensitivity, like that of many ion channels, is attributed to a strategic subset of histidine residues. In vitro, the receptors are inactive at pH 7.8 and fully activated at pH 6.8. OGR1 family members (OGR1, GPR4, TDAG8, and G2A) are widely expressed in the nervous system (CNS and sensory afferents) and in many other organs or tissues (bone, vascular system). At this time, there is still no evidence that any member of the OGR1 receptor family is implicated in central respiratory chemosensitivity.
Contribution of glial cells to central respiratory chemosensitivity
Central respiratory chemoreception could be a multicellular process along the lines depicted in Figure 1 , option 1b. In this section, we discuss the possibility that the satellite cells might be glia. There is also anatomical and functional evidence for interaction between brain blood flow and CRCs (Xie et al., 2006; Ainslie and Duffin, 2009; Lazarenko et al., 2009 ). This aspect of central respiratory chemoreception will not be covered here.
pH-sensitivity of glial cells
The first evidence that some brainstem glial cells are depolarized by acidification is usually traced back to the experiments of Fukuda and Honda (1975) . These authors recorded intracellularly from ventral medullary surface cells located in the "intermediate chemosensitive zone" just lateral to the rootlets of the hypoglossal nerve in thin horizontal slices. Many cells located at the ventral surface i.e. less than 200 microns from the pia mater were depolarized by isocapnic acidosis (acidification at constant CO 2 via bicarbonate reduction). The recorded cells were unexcitable, with notably negative membrane potential at alkaline pH and could therefore have been glia. Isohydric hypercapnia was ineffective in these cells suggesting that CO 2 operated strictly via the proxy of pH and that the cells were selectively sensitive to changes in extracellular pH (Fukuda and Honda, 1975) . This result is noteworthy because, in neurons, acid sensitivity is generally attributed to a change in intracellular pH (Wang et al., 2002; Ritucci et al., 2005b) . If the Fukuda and Honda results are indeed representative of all glial cells, Kir4.1, the major barium-sensitive inwardly rectifying channel of astrocytes (Neusch et al., 2006) could not be responsible for astrocyte depolarization by acid since this channel is responsive to intracellular pH. More work is obviously required because of the presumed heterogeneity of the potassium channels expressed by astrocytes (Fukuda et al., 1978; Grass et al., 2004) .
Amplification of CO 2 -induced extracellular fluid pH changes by glia
The idea that CO 2 -dependent changes in pH could be amplified by glial cells is based on the phenomenon called depolarization-induced alkalosis (DIA), whereby an increase in extracellular potassium and or acidification causes glial cell depolarization and the extrusion of protons from these cells (Fukuda et al., 1978; Erlichman et al., 2008) . This process may be limited to a subset of astrocytes and matures a couple of weeks after birth in rodents (Erlichman et al., 2008) . This mechanism, which should boost the response of central chemoreceptor neurons to a given level of PCO 2 , seems to be at work in the retrotrapezoid nucleus but not in the nucleus of the solitary tract (NTS) (Erlichman et al., 2008) . Because it matures later in development, this phenomenon could also perhaps explain the higher acid sensitivity of RTN neurons in the adult in vivo (∼0.4 Hz per 0.01 pH unit (Guyenet et al., 2005a) ) compared to the neonate in vitro at comparable temperature (∼0.17 Hz per 0.01 pH unit (Guyenet et al., 2005b) ).
Acid-induced release of ATP by glial cells
Large subsets of glial cells (presumably astrocytes) are depolarized by acidification, in vitro at least (Fukuda and Honda, 1975; Fukuda et al., 1978) . ATP is released by glial cells and this release is required for the intercellular propagation of calcium waves in these cells (Guthrie et al., 1999) . ATP is released by hypercapnia at the ventral medullary surface in vivo (Spyer et al., 2004; Gourine et al., 2005) . Topical application of P2 receptor antagonists at the ventral medullary surface reduces somewhat the respiratory response to CO 2 in anesthetized rats (Gourine et al., 2005) . Finally, the purinergic receptor antagonist suramin delivered by iontophoresis attenuates the activation by CO 2 of various types of respiratory neurons in vivo (Thomas and Spyer, 2000) .
The ATP hypothesis of central chemosensitivity faces a number of unresolved issues. As mentioned previously, suramin is not a selective purinergic antagonist. There is uncertainty concerning the cellular origin of the ATP released at the central medullary surface. For example, pia-arachnoid cells could be the source of this ATP since these cells communicate via this nucleotide very much like glial cells (Grafstein et al., 2000) . More importantly, purinergic P2-receptor antagonists do not change the pH-sensitivity of RTN neurons in slices (Mulkey et al., 2004; Mulkey et al., 2006) and these drugs do not change the pH/CO 2 response of the Suzue preparation, a neonate brainstem-spinal cord preparation that generates a respiratory like outflow (Lorier et al., 2004) . Finally PPADS, the most commonly used non-selective P2 receptor blocker does not attenuate the acid sensitivity of brainstem cultures (Su et al., 2007) . The lack of effect of P2 antagonists in these in vitro models could mean that acidification causes glial cells to release ATP only in vivo. Possible reasons include the immaturity of the brain tissue used in vitro, especially the glia (see previous section), the use of a low recording temperature and/or the absence of blood perfusion. Two findings support the possibility that ATP release by glial cells might be occurring in vivo only. Although the activation of the ccRTN neurons by acid does not depend on ATP release in vitro, these cells do express purinergic 2Y receptors . Secondly, the pH-sensitivity of these cells is roughly 2-3 times higher in vivo, a difference that could conceivably represent the contribution of ATP release from surrounding mature glial cells.
Central respiratory chemoreception and level of vigilance
Under normal conditions, the regulation of breathing operates within a very narrow range of PCO 2 and minimal CO 2 fluctuations have no effect on the level of consciousness or vigilance or on the depth of sleep. In contrast, severe hypercapnia produces arousal from sleep in animals and man (Phillipson et al., 1977; Berthon-Jones and Sullivan, 1984) . In awake individuals, hypercapnia also causes an aversive form of interoceptive awareness called air hunger (Moosavi et al., 2003) and in susceptible individuals, CO 2 can even trigger outright panic. In addition, rodents are capable of detecting very low levels of atmospheric CO 2 and they express fear behavior when exposed to hypercapnia (Hu et al., 2007; Ziemann et al., 2009 ).
Studies in man demonstrated long ago that the gain of the chemoreflex is greater in awake than in sleeping subjects (reviewed in (Ainslie and Duffin, 2009) ). In the awake state, breathing is also activated by CO 2 -independent drives collectively grouped under the name of the "waking drive to breathe" (Ainslie and Duffin, 2009 ). Thus, the state of vigilance influences the gain of the chemoreflex at all levels of CO 2 including around the normal operating range of 40 mmHg but the normal homeostatic regulation of breathing by CO 2 is evidently not caused by continual fluctuations of the state of vigilance (Kuwaki, 2008) . By contrast, general CNS arousal and its associated somatic and autonomic responses presumably make a significant contribution to the breathing stimulation caused by high levels of CO 2 under experimental or pathological conditions (airway obstruction or exposure to abnormally elevated levels of CO 2 ) (Berthon- Jones and Sullivan, 1984) . The chemoreflex studied in awake experimental animals is always elicited by high levels of CO 2 (5% minimum), therefore this reflex presumably depends on general arousal mechanisms engaged by this stimulus, fear responses etc., in addition to the chemosensory mechanisms that intervene around physiological levels of CO 2 .
Putative respiratory chemoreceptor neurons
This section focuses on the properties of neurons that are currently believed to make a particularly important contribution to central respiratory chemoreception.
The retrotrapezoid nucleus (RTN)
The discovery of the RTN, the earliest evidence that this brain region controls breathing and may contain chemoreceptors, and the potential relationship between the RTN and the parafacial respiratory group of the neonate are well documented and outside the scope of this review (Smith et al., 1989; Nattie, 2001; Li and Nattie, 2002; Feldman et al., 2003; Onimaru and Homma, 2003; Guyenet and Mulkey, 2010) . The rest of this section focuses on a group of 2000 chemically defined neurons (in rats; ∼ 800 in mice) located within the region originally defined as the RTN (Connelly et al., 1989) . These cells have a distinctive biochemical phenotype that includes the presence of Phox2b, neurokinin-1 receptors, vesicular glutamate transporter2 mRNA and TASK-2, and the lack of tyrosine hydroxylase, choline acetyl transferase, glutamic acid decarboxylase and tryptophan-hydroxylase (Mulkey et al., 2004; Stornetta et al., 2006; Takakura et al., 2008; Gestreau et al., 2010; Guyenet and Mulkey, 2010) . We refer to these specific neurons as the ccRTN (chemically coded RTN) neurons (Lazarenko et al., 2009 ) to distinguish them from other types of neurons that may also reside in this heterogeneous region of the reticular formation. ccRTN neurons are a subset of a heterogeneous collection of neurons called the parafacial respiratory group in the neonate (Onimaru et al., 2008; Guyenet and Mulkey, 2010) . The developmental lineage of the ccRTN neurons has also been worked out recently in considerable detail (Thoby-Brisson et al., 2009; Dubreuil et al., 2009b) .
The key evidence that the ccRTN neurons are CRCs is illustrated in Figure 2 . First, these neurons respond vigorously and sensitively to hypercapnia in vivo ( Figure 2C ) (Mulkey et al., 2004; Guyenet et al., 2005a) . Under anesthesia, their discharge rate varies by an average of 2.8 Hz for a 1% change in arterial PCO 2 or an estimated ∼0.5 Hz (5% of full range) per 0.01 unit change in arterial pH (Guyenet et al., 2005a) . These cells are silent at low levels of CO 2 and many of them have a CO 2 recruitment threshold (CO 2 level above which the cells are active) that is below that of the phrenic nerve and below that of the respiratory neurons of the ventral respiratory column, regardless of the anesthetic used ( Figure 2C2 ) (Guyenet et al., 2005a; Fortuna et al., 2009) . Such a characteristic is expected from neurons that drive the respiratory controller, at least the portion of this network that generates the motor outflow to the diaphragm.
By definition, the activation of CRCs should stimulate breathing. The ccRTN neurons pass this essential test since their selective activation in vivo using genetically targeted channelrhodopsin2 produces a vigorous increase in breathing rate and amplitude ( Figure 2D ) (Abbott et al., 2009 ). The ccRTN neurons are therefore CO 2 -sensitive, histologically glutamatergic (VGLUT2 mRNA-expressing) and functionally excitatory with respect to the respiratory network. Also, the excitatory drive contributed by the ccRTN neurons is notably powerful because a large respiratory response can be produced by activating at most 15% of the cell population (Abbott et al., 2009).
Whether or not the ccRTN neurons are part of the respiratory rhythm and pattern generator is important from a conceptual standpoint. Three pieces of evidence support our contention that these neurons are not part of the rhythm and pattern generating network but neurons that simply regulate the level of activity of this circuitry according to the level of CO 2 /pH as depicted in Figure 2F1 ,2. First, the ccRTN neurons have a modest and phase-spanning respiratory entrainment at all but extreme levels of CO 2 in vivo ( Figure 2C2 , insert) (Guyenet et al., 2005a) . Second, when a subset of ccRTN neurons are activated at a constant rate of around 20 Hz using the optogenetic approach, the resulting effect on respiration is a normal rhythmic activation of the respiratory controller similar to what is observed during central chemoreceptor stimulation (Figure 2 D3) (Abbott et al., 2009 ). Finally, the time constant of the excitatory effects of ccRTN neurons on the rodent respiratory network is long (T 1/2 ∼11 s) relative to the breathing period (1 s or less) (Abbott et al., 2009 ). In the aggregate, this evidence suggests that the exact pattern of discharge of the ccRTN neurons is less important than the mean rate of discharge of these cells. This characteristic is in contrast with the precisely timed phasic discharges of the neurons that are assumed to directly contribute to rhythm and pattern generation (Rybak et al., 2007) .
The third essential attribute of CRCs ( Figure 2F1 ) is pH-sensitivity which could theoretically be either intrinsic (option 1a) or due to a local autocrine process (option 1b). Proving that a neuron that responds to hypercapnia in vivo does so exclusively via such mechanisms would require deleting the proton sensor in a cell specific manner and showing that the targeted neurons no longer respond to hypercapnia in vivo. This type of evidence has not yet been produced for any candidate CRC. However, in the case of the ccRTN neurons and only in this case, it has at least been possible to show that hypercapnia in vivo remains capable of activating these neurons normally under conditions of partial synaptic blockade which silence the respiratory controller (Mulkey et al., 2004) . This evidence makes the essential point that the activation of the ccRTN neurons by CO 2 is not secondary to the stimulation of the respiratory controller. In brain slices, ccRTN neurons are activated by hypercapnic acidosis and metabolic acidosis even under conditions of partial synaptic blockade (blockade of glutamate GABA, glycine and purinergic transmission) and acidification produces a reduction in potassium conductance in the presence of tetrodotoxin (Mulkey et al., 2004; . This evidence partially illustrated in Figure 2E indicates that the ccRTN neurons are responsive to local changes in pH. It does not prove that their acidsensitivity is (entirely) an intrinsic property because the participation of satellite cells (glia, blood vessels) has not been ruled out (Gourine et al., 2005; Erlichman et al., 2008) . In addition, there is still an unexplained mismatch between the dynamic range of the response of ccRTN neurons to acidification in vitro vs. in vivo (∼0.16 Hz -at 33 °C in slices vs. ∼ 0.5 Hz per hundredth pH unit in vivo). This discrepancy may have to do with the limitations inherent to experimentation with slices (dendritic pruning, lower temperature). It could also simply be related to the age of the animals (6-13 day-old rodents for in vitro recordings vs. young adults for in vivo experiments). Indeed rodents have notably less powerful chemoreflexes at and soon after birth than later on (Conrad et al., 2009 ). Finally, in vivo, the ccRTN neurons may also integrate information from additional central chemoreceptors ( Figure 2F2 ) and their response to acidification could be enhanced by unknown factors that modify their intrinsic properties and increase the gain of their action potential response to acid-induced current.
The projection pattern of candidate CRCs is also an important consideration. Neurons that innervate selectively the respiratory controller are more likely to be specifically dedicated to central respiratory chemoreception than neurons that have projections throughout the brain, even if these projections include elements of the respiratory controller. The ccRTN neurons innervate exclusively the pontomedullary regions known to contain the respiratory controller, i.e. ventrolateral medulla, dorsal pons and ventrolateral portions of the NTS (Figure 2A ) (Mulkey et al., 2004; Rosin et al., 2006; Abbott et al., 2009 ).
Finally, as alluded to previously, the ccRTN neurons are of special relevance to CCHS, a human disease caused by polyalanine expansion of transcription factor Phox2b (Amiel et al., 2009; Carroll et al., 2010) . CCHS is a disease in which the newborn child presents with extremely depressed chemoreflexes and a severe hypoventilation that would be rapidly lethal in the absence of mechanical ventilation in all but the milder forms of the disease (Amiel et al., 2009 ). The mouse model of the disease (Phox2b 27ala/+ strain) presents similar breathing problems at birth (Dubreuil et al., 2008; Dubreuil et al., 2009b) . The only brainstem defect that has been identified so far in the Phox2b 27ala/+ mouse is a massive and selective loss of the ccRTN neurons (Dubreuil et al., 2008; . This evidence suggests that the ccRTN neurons are fundamentally important for central respiratory chemoreception during the perinatal period. Because CCHS patients with 7 extra alanines in the PHOX2B sequence experience severe if not complete sleep apnea, it is possible that the ccRTN neurons are indispensable to maintain breathing automaticity during sleep. This working hypothesis has not been tested adequately in laboratory animals. The RTN region contributes to ventilation and to the central chemoreflex in unanesthetized rats regardless of the level of vigilance (Nattie and Li, 2002a) . Sleep apnea was not observed in these experiments but the RTN lesions performed in these experiments were probably very partial and compensatory mechanisms are likely to have developed.
In short, the ccRTN neurons contribute a powerful excitatory drive to the respiratory controller and their firing characteristics suggest that they are not directly involved in the generation of the respiratory rhythm or the classic 3-phase respiratory pattern. Their activity is up-regulated by the level of acidity of the neuropil that surrounds them. These properties qualify the ccRTN neurons as CRCs. However, it is also clear that the level of activity of the ccRTN neurons is not solely determined by the surrounding pH ( Figure 2F2 ). Of particular significance, ccRTN neurons are also activated by peripheral chemoreceptor stimulation , they are up-regulated by inputs originating from the hypothalamus (Fortuna et al., 2009; Dias et al., 2009b) , they are subject to a negative feedback from the respiratory controller (Guyenet et al., 2005a) and their activity is probably regulated by the raphe (Mulkey et al., 2007a; Dias et al., 2008) . Finally, a growing amount of evidence suggests that several subsets of ccRTN CRCs may exist, which differentially regulate the breathing rate vs. the inspiratory amplitude and/or active expiration (Abdala et al., 2009; Guyenet and Mulkey, 2010) . Other targets, notably cardiovascular, are also not excluded.
Serotonergic neurons and central respiratory chemosensitivity
Richerson and colleagues have proposed the following three-part theory (for a recent review see (Corcoran et al., 2009) ). 1: All serotonergic neurons are CO 2 /pH detectors (Richerson, 2004) . 2: Midbrain raphe serotonergic neurons contribute to the arousal-promoting effects of hypercapnia. 3: The lower brainstem serotonergic neurons mediate the respiratory chemoreflex or some large portion of it. The main supportive arguments, briefly summarized, are as follows (Corcoran et al., 2009) . Collectively, serotonergic neurons innervate every region of the brain including the respiratory controller and they also target respiratory motor neurons. Some serotonergic neurons are acid-activated in slices. In neuronal culture, serotonergic neurons generally respond vigorously to CO 2 and acid ( Figure  3B ). Hypercapnia increases the overflow of serotonin in the hypoglossal nucleus in vivo and experimental acidification of the midline raphe can increase breathing Hodges et al., 2004b; Corcoran et al., 2009) . Serotonergic neurons reside in close proximity to blood vessels which can be viewed as potentially advantageous for the detection of arterial CO 2 ( Figure 3A) . Finally, genetic deletion of serotonergic neurons markedly attenuates the chemoreflex .
Serotonergic neurons are at least one order of magnitude more numerous than the ccRTN neurons (∼20,000 vs. ∼2,000, in rats) and they are extremely diverse, embryologically, anatomically and functionally (Hökfelt et al., 2000; Kocsis et al., 2006; Jensen et al., 2008; Wylie et al., 2010) . Recent evidence that only a small fraction of these neurons may have properties consistent with putative CRCs is therefore not surprising. In brainstem slices from neonate rodents, serotonergic neurons are virtually insensitive to acid at birth (Corcoran et al., 2009 ). This insensitivity may be related to the fact that the chemoreflex is weak at birth in rodents. However, only about 18% of brainstem serotonergic neurons recorded in slices are acid-sensitive two weeks after birth when the chemoreflex is reasonably mature (Corcoran et al., 2009 ). In the adult in vivo, the proportion of CO 2 -responsive serotonergic neurons seems to be equally low and is dependent on which portion of the raphe is being considered. For example, an extremely small fraction of medullary midline raphe neurons respond consistently to activation of peripheral and central chemoreceptors in anesthetized cats (5 neurons excited and 4 inhibited by both stimuli out of a sample of 125) (Nuding et al., 2009) . The interpretation of this data should be qualified because no attempt was made to determine whether these neurons were serotonergic in these studies. However, in a study on unanesthetized cats where the characterization of the serotonergic cells was convincing, if not definitive, only twenty-two percent of the putative serotonergic neurons located in the midline medullary raphe (raphe obscurus or magnus) were activated by hypercapnia (Veasey et al., 1995) . One of the few putatively serotonergic neurons (6/27) that responded to hypercapnia in this study is depicted in Figure 3E . The general conclusion of these studies in conscious cats was that the activity of midline medulla serotonergic neurons correlates best with the overall motor activity of the animals (Jacobs et al., 2002) . In anesthetized rats, the serotonergic neurons of the parapyramidal region, including those that are located at the ventral medullary surface in an area presumed to be "chemosensitive", are remarkably unresponsive to even severe hypercapnia (sample: 24 chemically identified serotonergic neurons; Figure 3C ) (Mulkey et al., 2004) .
Nonetheless, the possibility that a small subset of serotonergic neurons are acid-sensitive is supported by evidence that in conscious rats, acidification of the raphe causes small and region-specific increases in breathing with best results produced in the rostral midline raphe (presumably r. obscurus and magnus) (Dias et al., 2008) . However, also in rats, acidification of more caudal regions of the raphe obscurus that are believed to contain serotonergic neurons which innervate the respiratory region of the ventrolateral medulla (Ptak et al., 2009 ) produced no effect on breathing (Dias et al., 2008) . The results are also apparently species specific. Midline raphe acidification increases breathing during waking but not during non-REM sleep in goats whereas, in rats, breathing stimulation is seen only during sleep Hodges et al., 2004a) . Regions of the raphe where serotonergic cells are apparently CO 2 insensitive in vivo (parapyramidal region, nucleus interfascicularis hypoglossi, a.k.a. lateral B3 group) innervate sympathetic efferents (Strack et al., 1989 ) and primarily regulate thermogenesis and skin blood flow (Morrison, 2004) .
The response of raphe obscurus serotonergic neurons to CO 2 in vivo could also be due to synaptic inputs. Indeed, in unanesthetized cats, this response was state-dependent therefore unlikely to be a cell autonomous pH response (4/4 cells tested; Figure 3E ) (Veasey et al., 1995) . In support of this interpretation, many raphe obscurus serotonergic neurons receive respiratory phasic excitatory inputs in brain slices ( Figure 3D ) (Ptak et al., 2009 ). This observation means that the activation of a subset of serotonergic neurons by CO 2 in vivo could be a consequence of the activation of the respiratory controller rather than an intrinsic sensitivity to acid. In slices, the ongoing activity of the residual respiratory network is maintained by the release of serotonin ( Figure 3F ) (Pena and Ramirez, 2002) which suggests that some of the serotonergic cells of the medullary raphe may participate in some feedforward loop involving the pre-Bötzinger complex ( Figure 3G, right) . Finally, serotonergic neurons receive an orexinergic input which could also contribute to their activation by hypercapnia in vivo since the emotional control of breathing and the chemoreflex depends on the integrity of the orexin system (Kuwaki, 2008; Dias et al., 2009a ).
To our knowledge, the hypothesis that the intrinsic pH sensitivity of serotonergic neurons (and other wake-promoting systems) is responsible for CO 2 -induced arousal is untested. The notion seems at odds with the fact that severe hypercapnia fails to wake humans with central congenital hypoventilation syndrome (CCHS) from sleep (Gozal, 1998; Spengler et al., 2001; Amiel et al., 2009) . This genetic disease is not known to interfere with the sleep cycle per se and the PHOX2B mutation that underlies it produces no change in the number of serotonergic neurons in the mouse model of the disease (Pattyn et al., 2003; Dubreuil et al., 2008; Amiel et al., 2009 ).
In summary, subsets of serotonergic neurons make an important contribution to the activity and plasticity of the respiratory network (Pena and Ramirez, 2002; Richter et al., 2003; McCrimmon et al., 2008; Ptak et al., 2009) . Furthermore, in the absence of serotonergic neurons or when brainstem serotonergic cells are acutely inhibited, the chemoreflex is markedly attenuated (Taylor et al., 2005; Taylor et al., 2006; Hodges et al., 2008 ). Yet, evidence that CO 2 increases the activity of more than a small minority of the serotonergic neurons in vivo is yet to be produced and there is reason to believe that this activation could be due, in part at least, to synaptic inputs (Veasey et al., 1995; Hodges et al., 2004b; Ptak et al., 2009) . Figure 3G summarizes a few of the many possibilities that could account for the role of brainstem serotonergic neurons in breathing and CO 2 regulation based on current experimental evidence. One of these possibilities is that a small subset of serotonergic neurons, possibly located in the rostral medullary midline raphe, encodes pH changes in vivo and functions as CRCs.
Orexinergic neurons
These neurons, like the pontine noradrenergic neurons and the serotonergic neurons have extremely widespread projections and are wake promoting (Lu et al., 2006) . Orexin-KO mice have lowered BP and breathing during the waking state (Deng et al., 2007; Kuwaki, 2008; Kuwaki et al., 2008) . The orexin system targets the ventrolateral medulla and the RTN among many other regions (Kuwaki, 2008; Dias et al., 2009b) . Orexin neurons are activated by acidification in vitro (Williams et al., 2007) . This effect, initially attributed to TASK channel inhibition, persists in TASK1/3 KO mice and is therefore still unexplained (Williams et al., 2007; Gonzalez et al., 2009 ). There is no information regarding the sensitivity of orexin neurons to CO 2 in vivo except for the fact that severe hypercapnia increase Fos expression in a relatively small fraction of these neurons (Sunanaga et al., 2009) . The latter result could be also explained by the general arousal effect of CO 2 . Because of the widespread projection pattern, the orexin neurons are either broad-spectrum central respiratory chemoreceptors (Figure 1, option 2) or simply neurons that regulate breathing along the lines depicted in Figure 1 , option 4.
Locus coeruleus (LC)
This major collection of pontine noradrenergic neurons has an activity level that is statedependent and is activated by a large number of intero-and exteroceptive inputs (Aston- Jones et al., 1996; 1999) . The LC is one of several groups of wake-promoting neurons that include subsets of serotonergic neurons, orexinergic neurons and histaminergic neurons. The LC innervates vast tracts of the brain from cortex to spinal cord (Aston- Jones et al., 1996; 1999) . The LC is mildly activated by hypercapnia in anesthetized animals and by hypercapnic acidosis in slices (Elam et al., 1981; Ritucci et al., 2005a) . The activation of LC neurons by CO 2 observed in vivo could be partially or wholly due to the activation of synaptic inputs since these cells receive a massive innervation from the C1 neurons and from the orexin neurons which are activated by hypercapnia (Horvath et al., 1999; AstonJones et al., 2001; Card et al., 2006; Kuwaki, 2008; Sunanaga et al., 2009) . Like the serotonergic neurons, LC neurons are more responsive to CO 2 in culture than in slices . This characteristic, as in the case of serotonergic neurons, could be due to a higher input resistance in vitro because of low ongoing synaptic activity or it could be due to the expression of different channels in culture. Lesions of LC and other NE neurons reduce the respiratory chemoreflex induced by hypercapnia Biancardi et al., 2008) . Relatively selective lesions of the locus coeruleus (with 6-hydroxydopamine) do not modify the stimulation of breathing induced by hypoxia and a similar selectivity towards CO 2 -induced breathing stimulation has been consistently observed after inhibition or lesions of the serotonergic system (Taylor et al., 2005; Hodges et al., 2008; Biancardi et al., 2010) . In the aggregate, these results suggest that both noradrenergic neurons and serotonergic cells contribute to the respiratory stimulation elicited by hypercapnia but not hypoxia. Given that both stimuli activate the retrotrapezoid nucleus , the difference could be due to the fact that hypoxia is sedative in rodents whereas CO 2 or asphyxia cause arousal. CO 2 may also directly activate noradrenergic (Sirois et al., 2000; Filosa and Putnam, 2003) and a subset of serotonergic cells (see above discussion). Evidence that selective activation of the locus coeruleus neurons activates breathing in vivo has not been produced but indirect evidence suggests that the locus coeruleus has a tonic facilitatory influence on the neonate breathing network (Hilaire et al., 2004) . Because of their widespread brain projections and the lack of evidence that subsets of locus coeruleus neurons target the respiratory network with any degree of selectivity, locus coeruleus neurons should provisionally be viewed as either broad-spectrum central respiratory chemoreceptors (Figure 1, option 2) or neurons that regulate breathing along the lines depicted in Figure 1 , option 4, possibly in a state-dependent context.
Other putative chemoreceptors
CRCs may be located at the ventral medullary surface caudal to the retrotrapezoid nucleus, within the respiratory column, the NTS and the fastigial nucleus of the cerebellum (Nattie and Li, 2009 ). The raphe has been mentioned above. The presence of non-serotonergic CRCs within the region of the raphe could conceivably account for the mild breathing stimulation caused by raphe acidification Hodges et al., 2004a) . The regions of the ventral medullary surface that were originally described as chemosensitive based on the respiratory effect produced by topical acidification in cats extend from the caudal-most hypoglossal rootlets to the trapezoid body (Mitchell et al., 1963a; Schlaefke et al., 1979; Loeschcke, 1982) . Only the rostral chemosensitive region also called area M can be viewed as roughly in register with the retrotrapezoid nucleus. The intermediate or caudal chemosensitive regions which overlap considerably with the serotonin rich areas of the ventral medullary surface ( Figure 3A ) contain tonically active neurons that are excited by injection of 100% CO 2 -saturated saline into the vertebral artery of anesthetized cats (Arita et al., 1988) or iontophoretic applications of acid (Ribas-Salgueiro et al., 2003) . These observations are difficult to interpret because the identity, function and connectivity of these acid-sensitive cells are unknown and, in the case of the Ribas-Salgueiro paper, there is no evidence that these cells respond to hypercapnia. This general area of the brain also expresses c-Fos in animals exposed to hypercapnia (Teppema et al., 1994; Berquin et al., 2000) . The NTS contains large numbers of neurons that are activated by acidification in slices and acidification of the NTS, particularly its caudal part, increases breathing in unanesthetized rats (Dean et al., 1989; 1990; Nattie and Li, 2002b) . This evidence suggests that the caudal aspect of the NTS could harbor CRCs although, paradoxically, lesions of this region increase the ventilatory response to CO 2 (Sinclair et al., 1985) . The caudal NTS mediates the effect of peripheral chemoreceptors on breathing and on the circulation (Boscan et al., 2002) . Transmission of peripheral chemoreceptor information through the NTS could conceivably be also influenced by ECF pH.
Contribution of peripheral chemoreceptors to respiratory chemosensitivity
The long-standing and still unanswered question is how the motor outflow of the respiratory network could achieve such a high sensitivity to CO 2 . Glial mechanisms that amplify the response of certain neurons to acid have been already been evoked as well as the possibility that multiple types of acid-sensitive neurons cooperate to stimulate breathing. Synaptic gain between the putative CRCs and their targets within the respiratory network has to be another critical variable but this aspect of the biology of CRCs remains essentially undocumented.
Another very important contributing factor is the input from the carotid bodies. In the absence of anesthesia, peripheral chemoreceptors provide a tonic stimulus to the central respiratory controller, even at rest and under normocapnic conditions (Smith et al., 2006; Forster et al., 2008) . Surgical excision of the carotid bodies causes chronic hypoventilation, reduction of the gain of the chemoreflex gain and respiratory acidosis in awake rats, goats and man (Olson, Jr. et al., 1988; Pan et al., 1998; Dahan et al., 2007) . These deficits are attenuated with the passage of time presumably because of some form of CNS plasticity. In addition, virtually all studies indicate that the ventilatory effects produced by simultaneous activation of peripheral and central chemoreceptors are at least additive (Nattie, 1999) . The recent study by Day and Wilson (2009) is a very rare exception that may be explained by a ceiling effect of each stimulus applied individually in an extremely responsive preparation. In the aggregate, this evidence indicates that the central respiratory drive depends both on brain parenchymal pH and the ongoing resting activity of the carotid bodies at all times.
The ccRTN neurons are a site of convergence between peripheral and central chemoreceptor inputs . The carotid body input to the RTN is via a presumably direct glutamatergic projection from the commissural portion of the NTS . In theory, the loss of this glutamatergic input should elevate the CO 2 recruitment threshold of the ccRTN neurons and reduce the gain of their activation by CO 2 . Thus, the loss of a tonic carotid body input to the RTN neurons should contribute to produce the type of respiratory deficits that have been observed after carotid body excision in man and animals (hypoventilation, reduced central chemoreflex and chronic elevation in arterial PCO 2 ). Other sites of convergence between carotid body input and putative central chemoreceptors are suspected but are less thoroughly documented. Locus coeruleus neurons and certain serotonergic neurons for example are activated by stimulation of peripheral chemoreceptors (Elam et al., 1981; Erickson and Millhorn, 1994 ) but the pathway is not worked out and the question remains as to whether these neurons would respond to very small deviations in PCO 2 around physiological levels.
Summary and conclusions
CO 2 most likely works by changing brain pH but the existence of receptors for molecular CO 2 remains a possibility. The number of potential proton receptors is large. In peripheral tissues, acidity is detected by many cell types (blood vessels, glial cells, bone, sensory afferents) through a variety of proton-sensitive molecules (mostly channels plus a few GPCRs). Most of these proteins are expressed in brain and could, in theory, mediate the pH sensitivity of CNS neurons and, more specifically, central respiratory chemosensitivity. Despite the virtually ubiquitous presence of pH-sensitive channels in neurons, in the brainstem and elsewhere, a substantial proportion of neurons do not respond in vitro to even severe (>0.2 pH units) acidification. The fact is noteworthy because it suggests that some sort of neuronal homeostasis (Bucher, 2009 ) may render most neurons insensitive or very weakly sensitive to the small pH fluctuations (<0.1 pH unit) that are relevant to the homeostatic regulation of CO 2 via breathing.
There is uncertainty regarding which cells (neurons, glia, others) are the primary proton detectors involved in central respiratory chemosensitivity. Neurons are likely contributors but the pH-response of the few putative CRC neurons that have been examined in some detail in vitro is fairly modest and varies relatively little between various chemoreceptor candidates. A significant problem with this evidence is that the properties of neurons in slices and especially in culture may be very different from their properties in vivo. This quandary is illustrated by the specific case of the serotonergic neurons which are robustly activated by acid in culture and generally insensitive to CO 2 in vivo (Figure 3) . In vitro, the quasi absence of active synaptic inputs likely increases neuronal input resistance which should greatly enhance the effects of minor changes in membrane current relative to what would be expected in vivo (Destexhe et al., 2003) . This phenomenon could blur the difference between the real CRCs and other cells in unpredictable ways when the cells are studied in vitro. In addition, the channel expression profile of neurons is likely to be different in culture. Finally, the pH-induced changes in conductance present in individual neurons may have no impact at the level of the respiratory network. Proof of concept was provided by the recent experiments of Dubreuil et al. (2009b) who showed that the apparently uniform acid-sensitivity of the ventral respiratory column neurons (Kawai et al., 1996) does not add up to an acid-sensitive respiratory network in the absence of the ccRTN neurons.
Evidence that the pH sensitivity of the CRCs relies on acid-sensitive channels is also weak although the hypothesis is eminently plausible. The same can be said of the theory that multiple pH-sensitive channels are involved simultaneously and that a different mix of channels contributes to the acid response of different CRCs. However, if correct, the latter possibility adds an additional level of complexity to an already challenging issue because many of the candidate proton-sensitive channels (e.g. TASK channels, calcium channels) are modulated by extracellular signals, which means that their contribution to the overall pH sensitivity of the cells could be synaptically regulated. On the other hand, the complexity of proton detection in the context of central respiratory chemoreception may also be greatly exaggerated. One or very few pH-sensitive channels could conceivably be essential for central respiratory chemoreception if they were expressed by neurons that play a pivotal role in this function. This hypothesis does not presuppose the existence of an esoteric proton detector in such cells although this possibility is not ruled out. The right anatomical connections combined with intrinsic properties that are appropriate to give these cells a robust response range to pH-induced current would be enough. If this view is correct, cellspecific deletion of an already well described and widely expressed pH-sensitive channel or receptor may provide a simultaneous answer to two of the most critical questions in this field, namely the real importance of a particular cell group to central respiratory chemoreception and the importance of a particular channel for this function. This type of approach has already been carried out to a limited extent using the retrotrapezoid nucleus as a model (Mulkey et al., 2007b; Gestreau et al., 2010 ) but it has not yet borne fruit. Accordingly, the issue of whether central respiratory chemosensitivity relies on one or a few specialized cell groups or is a diffuse ("emergent") property of the respiratory controller and the many brain pathways that regulate its activity (Nattie and Li, 2009 ) remains open. These options are supported by very different types of evidence, none of which is incontrovertible, singly or in the aggregate. The highly sensitive response of the respiratory network to very small deviations of CO 2 around the normal level could be the purview of a limited number of specialized cells with a low CO 2 threshold and high response gain to acid whereas higher levels of CO 2 , which produce an alerting response and conscious aversive sensations, could be recruiting additional groups of cells that are responsive only to much larger deviations of brain pH. An alternate view is that the sensitive response of the respiratory network to very small deviations of CO 2 is a network effect caused by the summation of very small effects of pH on a very large number of neurons (Figure 1, option c) .
The retrotrapezoid nucleus contains the most thoroughly documented group of CRCs although many important aspects of the biology of these neurons are still missing. The most notable missing piece is the molecular mechanism responsible for their activation by CO 2 and one can argue that the definitive demonstration that these neurons are CRCs will require deleting the proton receptor selectively from these cells. The ccRTN neurons contribute a powerful pH-modulated excitatory drive to the breathing network and their absence at birth is lethal (Dubreuil et al., 2008; Amiel et al., 2009; . The function of the ccRTN neurons is clearly far more complex than that of a mere pH detector. The notion that RTN is a major convergence point for the various pathways that automatically regulate breathing to maintain arterial PCO 2 constant is, at present, the most sensible explanation of the respiratory deficits observed in the CCHS Weese-Mayer et al., 2010; Goridis and Brunet, 2010) .
The other putative CRCs are in various stages of characterization at this time. In all cases, one or more critical pieces of evidence are missing, for example evidence that these neurons respond to CO 2 in vivo or that their selective activation in vivo increases breathing. The case of the serotonergic neurons is the most intriguing because of the unresolved discrepancy between their obvious importance to breathing and the chemoreflex and their general insensitivity to CO 2 in vivo. One possible interpretation of the literature is that the other postulated chemosensitive regions of the brainstem regulate breathing primarily by modulating the activity of the ccRTN neurons. This notion could explain why, despite the existence of multiple other CRCs, the chemoreflex is absent when these few RTN neurons are destroyed, as is presumably the case in CCHS patients. This possibility could also explain why the sensitivity of RTN neurons to acid is lower in vitro than in vivo.
The chemoreflex is enhanced during waking compared to slow-wave sleep. This reflex is depressed by genetic deletion and other forms of insult to several major wake-promoting systems (orexinergic, serotoninergic, noradrenergic). Large increases in CO 2 above the normal range produce arousal from sleep and the arousal presumably contributes to the stimulation of breathing in part by recruiting the orexinergic, serotonergic and noradrenergic neurons many of which are known to innervate and activate several components of the breathing network down to the motor neurons. How hypercapnia causes cortical / behavioral arousal is not known. One possibility is that the orexinergic, pontine serotoninergic and pontine noradrenergic neurons are directly activated by high level of CO 2 in vivo. This suggestion is supported by physiological evidence obtained in vitro but there is also contrary evidence. If CO 2 -induced arousal and the interoceptive awareness of hypercapnia depended on an effect of CO 2 on these systems, these effects of CO 2 should be preserved in CCHS which is a disease that impacts the brainstem selectively and does not or at least is not known to affect the sleep cycle markedly. In fact, a remarkable feature of the disease is the loss of the interoceptive awareness of asphyxia and the inability of hypercapnia to produce arousal from sleep (Carroll et al., 2010) . CO 2 -mediated arousal may therefore depend primarily on ascending signals from peripheral and brainstem chemoreceptors that reach the vigilance-regulating hypothalamic centers either without further processing or on efferent copies of the activity of the central respiratory controller or as a result of sensory inputs from the chest and lungs, a combination of mechanisms that may also underlie the sensation of dyspnea (Chen et al., 1992; Flume et al., 1996; Moosavi et al., 2004) . Alternately, chemoreceptor-mediated arousal could be primarily triggered by the activation of the carotid body via pathways that are unrelated to those that activate breathing. As reviewed by Marshall (1994) strong carotid body stimulation also produces arousal and a constellation of behavioral effects indicative of discomfort.
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Photostimulation of retrotrapezoid nucleus Phox2b-expressing neurons in vivo produces longlasting activation of breathing in rats. J Neurosci. 2009; 29:5806-5819. [PubMed: 19420248] The concept of central respiratory chemoreceptors is still being refined as more pertinent experimental evidence accumulates. Schemes 1-3 represent various CRC concepts. Scheme 4 represents neurons that should not be considered as CRCs. Specialized CRCs (option 1) could be defined as neurons that detect the concentration of protons in the surrounding brain parenchyma and drive the respiratory rhythm and pattern generating network selectively and in a graded manner according to the level of acidity. Option 1a assumes that these specialized neurons express the proton receptors. Option 1b assumes that the proton receptors reside both on these specialized neurons and on satellite cells (e.g. glia) that communicate with the neurons via a messenger X (possibly ATP). In this second case, the satellite cells would also qualify as CRCs. Broad-spectrum CRCs (option 2) could be defined as proton-sensitive neurons that modulate the activity of numerous targets besides the respiratory controller. Subsets of serotonergic neurons, the locus coeruleus and orexin neurons may be in this category. Ubiquitous chemoreception (option 3) refers to the possibility that central respiratory chemoreception could be an emergent property caused by the summation of small effects of pH almost everywhere in the respiratory network. Option 4 illustrates hypothetical examples of neurons that regulate the respiratory controller and its reactivity to protons. These neurons do not qualify as CRCs because they are not directly affected by the extracellular proton concentration. A, ventral view of the rat brainstem showing the location of the serotonergic neurons that reside close to the ventral medullary surface (tryptophan-hydroxylase, TpOHase, immunoreactivity in green; calibration bar: 1.5 mm). The blood vessels are red because they have been filled with a resin. The superficial serotonergic neurons are close to blood vessels and reside in regions of the ventral medullary surface assumed to contain CRCs because experimental acidification of these regions increases breathing. We added the white ovals that outline the retrotrapezoid nucleus. B, typical serotonin neuron in culture that responds briskly to extracellular acidification. A and B reprinted with slight modification from Respiration Physiology and Neurobiology, Volume 168, Corcoran et al., Medullary serotonin neurons and central CO 2 chemoreception, pp. 49-58, Copyright (2009), with permission from Elsevier. C. the lateral B3 group of serotonergic neurons is insensitive to hypercapnia in anesthetized rats. C1, example of a serotonergic neuron (tryptophanhydroxylase-immunoreactive) filled with biotinamide after electrophysiological study in vivo (calibration bar: 20 microns). C2, location of 24 biochemically identified serotonergic neurons found unresponsive to hypercapnia in vivo (red dots). These neurons were located in the lateral band of serotonergic neurons shown in panel A at the level of the RTN (pyr, pyramidal tract; RPa, raphe pallidus; TpOHase, tryptophan hydroxylase). C3 example of a single identified lateral B3 group serotonergic neuron. The neuron was unaffected by increasing end-expiratory CO 2 by 5% from just below the apneic threshold. The activity of the respiratory controller, monitored at the level of the phrenic nerve (iPND) was robustly activated by CO 2 as expected. C1-3 from (Mulkey et al., 2004) . D, raphe obscurus serotonergic neurons driven by the respiratory controller. These recordings were obtained in a coronal slice of neonate medulla oblongata that generates a respiratory-like activity (the "breathing slice") (Smith et al., 1991) . In this slice, the activity of the residual respiratory network was monitored by the mass discharge of the hypoglossal motor neurons (integral XII). In the lower two traces the membrane potential of the serotonergic cell was deliberately hyperpolarized to reveal the excitatory drive potential synchronized with the inspiratory phase. Reproduced with permission from the Journal of Neuroscience from (Ptak et al., 2009 ). E, putative raphe obscurus serotonergic neurons recorded in a conscious cat. Most cells (21/27) did not respond to hypercapnia. Small subsets of putative serotonergic neurons, one of which is illustrated here, were activated by CO 2 but only while the cats were awake. Reproduced with permission from the Journal of Neuroscience from (Veasey et al., 1995) . F, the release of serotonin contributes to the activity of the respiratory controller in vitro. The figure shows the mass activity of the preBötzinger region of the ventral respiratory column in the "breathing slice" (ipreBot, an indication of the inspiratory phase of the breathing cycle; top trace) and an inspiratory neuron that was recorded intracellularly (lower trace). Superfusion of the slice with a serotonin receptor 2A antagonist slowed the fictive breathing rate and the amplitude of the respiratory bursts indicating that the ongoing release of serotonin was contributing to the activity of the network under these in vitro conditions. Reproduced with permission from the Journal of Neuroscience from (Pena and Ramirez, 2002) . G, putative role of serotonergic neurons in central chemoreception. Left: a small subset of serotonergic neurons, the location of which needs to be clarified, may be central respiratory chemoreceptors, i.e. may be acid-sensitive in vivo and may activate the respiratory controller among other targets. Right, most serotonergic neurons recorded so far in adult mammals in vivo were not CO 2 -responsive. A few serotonergic neurons were CO 2 -activated, either because of an intrinsic acid-sensitivity or because they receive excitatory inputs from the respiratory controller. The serotonergic system at large activates the breathing network and regulates its response to CO 2 . RTN neurons receive an excitatory input from serotonergic cells (Mulkey et al., 2007a) . In theory, this input could originate from pH-sensitive (left) or pH-insensitive serotonergic cells (right).
